Arterial ?0 2 (Pa 0 J has been related to inspired oxygen concentration In any ill patient the relief of hypoxaemia must always be a priority. However, administration of concentrations of oxygen greater than necessary may occasionally precipitate hypoventilation and even apnoea. Furthermore, pulmonary oxygen toxicity is well documented in animals and remains an unproven possible hazard to patients. As with all drugs there is a strong case for giving no more oxygen than is needed to relieve hypoxaemia and Ventimasks are a reliable method of achieving this. The mean inspired oxygen concentration is constant and not inversely related to the patient's minute volume, as is the case with most simple methods of oxygen delivery.
In any ill patient the relief of hypoxaemia must always be a priority. However, administration of concentrations of oxygen greater than necessary may occasionally precipitate hypoventilation and even apnoea. Furthermore, pulmonary oxygen toxicity is well documented in animals and remains an unproven possible hazard to patients. As with all drugs there is a strong case for giving no more oxygen than is needed to relieve hypoxaemia and Ventimasks are a reliable method of achieving this. The mean inspired oxygen concentration is constant and not inversely related to the patient's minute volume, as is the case with most simple methods of oxygen delivery.
Ventimasks are used frequently in casualty departments, wards, coronary and intensive care units. However, there is no simple method of predicting arterial oxygen tension (Pa 02 ) in patients receiving modestly augmented inspired oxygen concentrations (Fi 02 ). The iso-shunt diagram of Benatar, Hewlett and Nunn [1] was found to be satisfactory for inspired oxygen concentrations in the range 0.35-1.0 [2] , but has not been tested for smaller concentrations. We proposed to characterize the relationship between Pa O2 and Fi Oz for Fi 02 values less than 0.35 when given to patients in the intensive care unit receiving oxygen delivered via a Ventimask.
The bands on the original iso-shunt diagram overlap and are too broad to be useful within the range of Fi O2 0.21-0.35. We therefore derived a series of equations, which permitted us to recalculate the iso-shunt curves with appropriate discrimination in this range. We refer to this as model A and the derivation is outlined in Appendix 1. When it became clear that our results did not conform to model A, we developed model B, which included a two-compartment representation of mismatch of ventilation/ perfusion ratios in addition to shunt ( fig. 1 ). The derivation of this is outlined in Appendix 2. 
PATIENTS AND METHODS
This study was approved by the Hospital Ethics Committee and each patient gave informed consent.
In this prospective study, we investigated 20 patients (14 males) in our intensive care unit with indwelling arterial catheters while breathing spontaneously and before return to the general wards (table I) . Their ages ranged from 16 to 86 yr (mean 55 yr) and included patients who were recovering from major surgery (12) , myocardial infarction and heart failure (3), asthma (1) and trauma (1), or who had a haematological (2) or metabolic disorder (1) . No patient had an arterial carbon dioxide tension (Pa CO2 ) greater than the normal range (4.1-6.1 kPa) while breathing air.
Patients were studied while breathing air and 0.24, 0.28, 0.35,0.40 and 0.60 oxygen concentrations from a Ventimask, used with the manufacturer's recommended oxygen flow rate. The order of treatments was randomized and 15 min was allowed for equilibration at each oxygen concentration. After equilibration, arterial blood was sampled from a radial arterial cannula, which was previously in place for clinical purposes. Blood from the deadspace of the cannula was discarded and the sample was then analysed for Pa O2 and Pa C o 2 using an Instrumentation Laboratory Series 1302 pH/blood-gas analyser (accuracy+ 0.16 kPa for oxygen and + 0.07kPa for carbon dioxide). Values for Pa Oz and Pa CO2 were corrected for the patient's temperature [3] . The accuracy of the oxygen concentration delivered was ±2%, measured with a paramagnetic analyser (Servomex OA 150) which had been zeroed with nitrogen and calibrated with air. At large Pa 02 concentrations, blood-gas analysers can produce variable results as they are calibrated with limited concentrations of oxygen. The IL 1302, under normal circumstances has calibration gases of 0-12 % 73   20   61  22  65  68  63  23  53  16  78  65  59  30  86 
Model validation
We investigated four models for predicting arterial Pa 02 . For each model we analysed the difference between the observed and predicted values for Pa O2 in our patients and in an independent set of 10 patients reported by Drummond and Wright [4] . 6.4 is a true shunt plus a grade of V/Q mismatch represented in its simplest possible form, as one lung compartment with a high V/Q ratio and another with a low V/Q ratio. Table II shows progressive divergence in this bimodal abnormality, assumptions and derivations of the relationship between Pa^ and Fi O2 being described in Appendix 2. An iterative procedure was used for each patient to estimate values for the parameters "true shunt" and "grade of V/Q mismatch". True shunt was calculated at Fi O2 = 0.6 (where the effect of V/Q mismatch is minimal) using a mismatch of grade 2. Assuming that this value for true shunt also applied at Fi O2 = 0.21, we then determined the grade of V/Q mismatch which would give the closest agreement with the observed Pa O2 at Fi O2 = 0.21 (where the effect of V/Q mismatch would be maximal). We then recalculated the true shunt at Fi Oz = 0.6, using the estimated mismatch grade for that individual patient. There was little improvement in the agreement between the observed and predicted Pa O2 values from repeating this procedure with the derivation of new values for shunt and mismatch, so we have presented the results from a single iteration.
Model
For use in the clinical situation, it would clearly be convenient to use a version of model B with general applicability. This would permit prediction of Pa O2 from Fi 02 with values obtained at a single arterial sample.
Model B2-two compartments using a regression relationship between mismatch and shunt to select the mismatch grade as a function of shunt.
For the second version of model B, we regressed the mismatch grade on the shunt obtained from model Bl and derived the regression relationship. To fit this model for individual patients, we assumed initially a mismatch grade of 2, calculated the true shunt at Fi O2 = 0.6 and then used the regression equation to estimate the appropriate mismatch grade.
Model B3-two compartments with constant mismatch.
For the third version of model B, we used the mean grade of V/Q mismatch obtained from model Bl to predict Pa O2 To fit this model to the data for individual patients we used the mean mismatch grade and calculated the true shunt at FI OJ = 0.6.
Statistical methods
Two-way analysis of variance was performed for virtual shunt and for the difference between the observed and predicted Pa^ with factors Fi Oi group and patient. A linear trend was fitted to the mean values for the Fi O2 groups. (table III) , with a highly significantly linear trend (P < 0.001). Using each patient's actual Hb concentration, the increase in calculated virtual shunt (0.11-0.17) was less marked but the trend was still highly significant (P < 0.001).
RESULTS

Model
Model B
Simultaneous values for true shunt and grade of V/Q mismatch (model Bl), calculated iteratively for each patient from the current study and from Drummond and Wright [4] , are summarized in table IV, with patients grouped according to their mismatch grade. The distribution of observed mismatch grades was relatively uniform over the range studied, the mean mismatch grade being 2 (used for model B3).
Mean true shunt increases with the observed grade of mismatch (table IV) . We regressed mismatch grade against shunt and derived the following relationship for the 20 patients in the current study: mismatch = 1.0 (SE 0.7)+ 9.6 (SE 5.9)
x shunt (P = 0.12) The regression relationship in the 10 patients of Drummond and Wright [4] is: mismatch = 0.1 (SE 0.6)+ 14.6 (SE 5.0) x shunt (P = 0.02) There are no significant differences between the slopes (P = 0.65) or the intercepts (P = 0.51) of the regression equations for the two studies separately. We therefore regressed mismatch grade against shunt using the combined data set and obtained the relationship: the discrepancy to increase as Fi 02 decreases in both the current study and the study of Drummond and Wright [4] . Model B3 with a constant mismatch of grade 2 fits the data from the current study well, but demonstrated both bias and trend for the data of Drummond and Wright. Model B2 with mismatches regressed against shunt does not show significant trend or bias for either study and fits the data almost as well as the most complex version, model Bl with individual mismatch grades. Figure 3 shows the observed values for the current study plotted on a grid of model B2 with variable mismatch according to the regression of mismatch on shunt. The patient data follow model B2 ( fig. 3 ) more closely than model (table III) . It appeared to us that a likely explanation was abnormal scatter of ventilation/perfusion ratios in the alveoli which were both perfused and ventilated. As the " ideal" alveolar Po 2 decreases towards the convexity of the haemoglobin dissociation curve, so the blood draining the worst perfused alveoli attains a level of desaturation which cannot be compensated by the blood draining the best perfused alveoli which, being on the flat part of the dissociation curve, have limited scope for increasing their saturation. This effect is exaggerated by the fact that blood of low Po 2 from the worst ventilated alveoli tends to make a relatively larger contribution to arterial blood. Overall it implies that, in the presence of maldistribution, the apparent "shunt" increases as Fi O2 is decreased. However, the effect is only apparent as the ideal alveolar Po 2 approaches the convexity of the dissociation curve. Therefore, the effect is not, in general, measurable with inspired oxygen concentrations in excess of about 0.35 [2] but is seen as Fi Oz approaches 0.21, as in this study.
and three versions of model B. Mean (SD) (observed-predicted) Pa 0! (n = 20). The SD at each FIQ 7 is based on between-patient variability, while the pooled SD is obtained from analysis of variance and is based on within-patient variability
Departures from the normal pattern of distribution have fallen generally into two categories. In the first, the log normal distribution curves of ventilation, perfusion or both (in respect to ventilation/perfusion ratio) are considered to increase the log of their SD to give smaller peaks and greater spread. There have been extensive computer studies with this model to show the effect of increasing the SD on the relationship between oxygen concentration and Pa Oj [5] [6] [7] . In the second category are bimodal distributions of ventilation, perfusion, or both, several examples of which are given by West [8] and West and Wagner [6] for conditions such as chronic bronchitis, emphysema, asthma, pulmonary embolism, post-traumatic respiratory failure and myocardial infarction. Increasing the SD of a unimodal distribution curve would appear to be inappropriate to quantify such abnormalities.
We selected a bimodal pattern of V/Q mismatch, partly because of its simplicity and partly because the clinical examples cited above appeared to be highly relevant to the conditions encountered in intensive care. As our simple model appeared appropriate to our own patients and those of postoperative patients [4] , we did not proceed to consideration of more complex models. Increasing SD of distribution of ventilation and perfusion (the lognor plot, fig. 4 ) clearly did not by itself model our results ( fig. 2) . However, the lognor plot combined with shunt might also be an appropriate, although much more complex model. Comparable data were collected by Drummond and Wright [4] in a group of patients recovering from abdominal surgery. We have shown their mean results together with ours in figure 5 , which shows iso-shunt lines for model A as continuous curves, and iso-shunt lines for model B with variable ventilation/perfusion mismatch as broken curves. There is remarkable agreement between the two studies and both sets of results are best fitted by a model of true shunt combined with individual mismatch. However, this is too complex a model for practice use and a good fit is obtained for both studies using the simpler model of true shunt combined with a regression-based mismatch. The errors of prediction of Drummond and Wright's data are shown in table V and again are free of trend or bias and have minimal pooled error using variable mismatch grades of model B. Their data thus provide independent confirmation of the applicability of this new model, to samples withdrawn from a different group of patients. Our models do not include a compartment with very large or infinite V/Q ratio, corresponding to alveolar deadspace. This would increase the minute volume requirement to maintain a particular alveolar ventilation. As arterial Pco 2 of our patients was within the normal range (table VI), they were clearly able to maintain an adequate alveolar ventilation, even if the alveolar deadspace was increased. This factor was not therefore relevant to the relationship between Pa Oi and Fi 02 in our patients. The V/Q mismatch which we have modelled (table II) would have resulted in a very small increase (less than 0.3 kPa) in Pa C o 2 > had alveolar ventilation remained constant.
In conclusion, the component for ventilation/ perfusion mismatch ( fig. 1 ) appears to extend the validity of the iso-shunt diagram into the range of Fi O2 0.21-0.35, which has not been tested previously. This applies to our group of patients recovering from a range of conditions requiring intensive therapy and also to a group of patients recovering from abdominal surgery [4] . As the modification has negligible effect on the iso-shunt lines at greater inspired oxygen concentrations, we believe that the modified diagram should now be tested against a wider range of conditions to determine its suitability for general application.
APPENDIX 1 MODEL A (TRUE SHUNT)
Calculations Used to Construct Iso-shunt Lines (1) Calculate PA OI {alveolar oxygen tension) [9] . 
1 (PA O2 3 + 2.667 XPA O2 +55.47) (assuming negligible alveolar/pulmonary end-capillary Po 2 gradient). This is the Severinghaus, Stafford and Thunstrom equation [10] , a modified and more convenient alternative to the Kelman equation [11] which allows construction of an oxygen dissociation curve (ODC) as first produced by Adair [12] . A comparison of the ODC produced by both the Kelman and Severinghaus equations was made (haemoglobin concentration of 14 g dl" 1 assumed) and noticeable differences occurred only at an oxygen tension of less than 4 kPa, which is irrelevant to present considerations. (1-shunt) ml dr (8) to derive the partitioned "Q".
3-
For each of the two compartments with a high and low ventilation perfusion ratio, we solved equations (1), (2) and (3) as for model A using the appropriate value of Pa cc , 2 and R from table I [8] for each compartment. We then calculated the mixed Cc' O2 from a weighted average of the pulmonary end-capillary oxygen contents Cc'p 2 | o and Cc'o 2ihl for the two compartments, using the blood flow Qlo and Qhi in each compartment: o, :: Qhi + Qlo (9) Using this value for the mixed Cc' Oa , we then proceeded to solve equations (4)- (7) to give Pa 02 for any value of shunt. It was thus possible to create families of curves for various degrees of V/Q mismatch for different values of true shunt. The continuous curves in figure 6 are a plot of the calculated data (table VII) .
